Invasion of the colonic mucosa by Entamoeba histolytica trophozoites is preceded by colonic mucus depletion. The aim of our studies was to determine whether E. histolytica caused a differential secretion of mucin species in a rat colonic loop model. Mucus secretion in response to amoebae was followed by release of acid-precipitable 3H-glucosamine metabolically labelled glycoproteins and in vitro labelling of glycoprotein secretion with NaB3H4. The secretory response consisted of high-Mr goblet cell mucins and an increase in the secretion of low-Mr nonmucin glycoproteins as determined by Sepharose 4B column chromatography. High-Mr mucins subfractionated by Cellex-E (ECTEOLA) ion-exchange chromatography demonstrated a minor neutral and a major acidic mucin (>98%) species. Marked differences between the neutral and acidic mucin species were indicated by immunogenicity and amino acid compositions. Thin-section histochemistry of rat colons confirmed secretion of neutral and acidic mucins in response to E. histolytica and demonstrated secretory activity from goblet cells from both the crypts and interglandular epithelium.
Invasion of the colonic mucosa by Entamoeba histolytica trophozoites is preceded by colonic mucus depletion. The aim of our studies was to determine whether E. histolytica caused a differential secretion of mucin species in a rat colonic loop model. Mucus secretion in response to amoebae was followed by release of acid-precipitable 3H-glucosamine metabolically labelled glycoproteins and in vitro labelling of glycoprotein secretion with NaB3H4. The secretory response consisted of high-Mr goblet cell mucins and an increase in the secretion of low-Mr nonmucin glycoproteins as determined by Sepharose 4B column chromatography. High-Mr mucins subfractionated by Cellex-E (ECTEOLA) ion-exchange chromatography demonstrated a minor neutral and a major acidic mucin (>98%) species. Marked differences between the neutral and acidic mucin species were indicated by immunogenicity and amino acid compositions. Thin-section histochemistry of rat colons confirmed secretion of neutral and acidic mucins in response to E. histolytica and demonstrated secretory activity from goblet cells from both the crypts and interglandular epithelium. E. histolytica mucus secretagogue activity was generalized and may function to deplete the host's protective mucus layer, facilitating invasion by the parasites.
Colonic mucus glycoproteins or mucins are produced and secreted by goblet cells and are integral to the viscoelastic gel which overlies the mucosal surface (1, 23) . Mucins are large macromolecules composed of a peptide core and oligosaccharide side chains linked via 0-glycosidic bonds to serine and threonine residues (22, 32) . The integrity of mucins within the gel structure is an essential factor in maintaining normal colonic function as well as resistance to disease.
Structural and immunological analyses performed by several investigators have shown that intestinal mucins can be subfractionated into neutral and acidic glycopeptide species with distinct amino acid and carbohydrate contents and immunogenicities (15, 19, 29, 39) . More recently, studies employing cDNA probes (16, 17) also support the concept of the existence of at least two distinct mucin species, suggesting that specific polypeptide backbones which may be subject to differential regulation during the course of disease are synthesized.
A growing body of evidence has emerged to indicate that alterations in mucin composition occur in a variety of disease states (36) . What remains unclear, however, is the physiologic relevance of this heterogeneity to the pathology of the intestinal disease process. Histochemical studies demonstrate well-characterized abnormalities in mucin during malignancy and cystic fibrosis and in chronic inflammatory bowel diseases, ulcerative colitis, and Crohn's disease (13, 23, 33, 40) . Similar alterations in mucin content (increase in rates of mucin synthesis and qualitative changes in the histochemical composition) have been demonstrated during infection with the intestinal nematode parasite Nippostrongylus brasiliensis (18, 36) .
Entamoeba histolytica is an enteric protozoan parasite which, through its ability to disrupt and invade the colonic mucosa, causes substantial morbidity and mortality in hu-* Corresponding author.
mans (38) . The pathogenesis of invasive amoebiasis involves colonization of the colon, disruption or dissolution of the colonic mucus layer, adherence to and lysis of colonic epithelial cells, and parasite invasion into the mucosa, leading to dissemination of trophozoites to the liver or other organs to form abscesses (7) . In experimental animal models of invasive amoebiasis, depletion of mucus in the colon preceded invasion (6, 8) . We have recently shown (4) that E. histolytica trophozoites exhibit potent mucus secretagogue effects in a rat colonic loop model. The secretion of preformed and newly synthesized mucins was enhanced, and the synthesis of colonic glycoproteins was stimulated. It was suggested that E. histolytica mucus secretagogue activity may contribute to depletion or alteration of the protective mucus blanket, facilitating pathogenesis of invasive amoebiasis.
Amoebic adherence is an absolute prerequisite for parasitic cytolytic activity (30) and the initiation of amoebic invasion in the colon (8, 10) . In vitro studies have established that adherence of E. histolytica to tissue culture cells and colonic epithelial cells is mediated by the 170-kDa heavy subunit of the 260-kDa heterodimer surface galactose-Nacetylgalactosamine (Gal-GalNAc) adherence lectin (10, 24) . Purified rat and human colonic mucins were shown to bind with high affinity (dissociation constant, 8.20 x 10-11 M-1) to the Gal-GaINAc lectin of E. histolytica, which was saturable and specifically inhibited by galactose or galactosecontaining oligosaccharides (3) . Colonic mucins may therefore function as an important host defense by binding to the amoebic adherence lectin and preventing attachment to host cells (3, 10) .
The present study was designed to determine whether E. histolytica elicits a differential secretion of neutral and/or acidic mucins in rat colon. Findings Purity of the mucins was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 7% polyacrylamide gels under reducing conditions as previously described (10), followed by fluorography using En3Hance (NEN) and XAR-5 film (Kodak).
S4B column chromatography. S4B column chromatography separates high-Mr colonic mucins in the VO (10, 28) .
Radiolabelled (3H-glucosamine or NaB3H4) mucus glycoproteins secreted in response to PBS, CT, or E. histolytica were subjected to S4B chromatography. Aliquots of 3H activity (counts per minute) were applied to an S4B column (1.0 by 30 cm; Bio-Rad Laboratories, Richmond, Calif.) previously equilibrated in 0.01 M Tris-HCl buffer (pH 8.0) containing 0.001% sodium azide (Sigma Chemical Co.). The column flow rate was 7 ml/h, and 0.5-ml fractions were collected. Five milliliters of scintillation fluid (ICN Biomedicals, Inc.) was added to 100-,ul aliquots of each S4B fraction, and the 3H activity was determined for the whole elution profile. For the preparation of unlabelled mucins, 100 mg of a crude solubilized rat colonic mucus preparation was applied to an S4B column (2.5 by 50 cm), and 4-ml fractions were collected and monitored for protein (280 nm) and carbohydrates by the phenol-H2SO4 method (11) . Mucins in the VO fractions were collected, dialyzed exhaustively against distilled water, and lyophilized. Protein concentration was determined by the method of Bradford (2) with BSA as the standard.
Cellex-E (ECTEOLA) ion-exchange column chromatography. TCA-PTA-precipitable 3H-labelled S4B VO mucin was suspended in 0.5 ml of 4 mM sodium phosphate buffer (pH 6.4) and applied to a column (1.0 by 30 cm; Bio-Rad Laboratories) equilibrated in the application buffer at 4°C. The column was eluted with an increasing gradient of elution buffers of 0.05, 0.10, 0.50, and 2.0 M NaCl made in 4 mM sodium phosphate buffer (pH 6.4). Four-milliliter fractions were collected at a rate of 9 ml/h. Aliquots (1 ml) were added to scintillation fluid (5 ml), and the 3H activity for each fraction was determined. To obtain unlabelled mucin species for further analysis, 10 mg of S4B VO mucins was applied to a Cellex-E column. Fractions (2 ml) were collected at a rate of 9 ml/h and monitored for protein at 280 nm and for carbohydrates with phenol-H2SO4 (11) . A single neutral species (eluted with 0.05 M NaCI) and two acidic mucin species (eluted with 0.50 and 2.0 M NaCl) were pooled according to the classification of Wesley et al. (39) for further analysis.
Western blots. SDS-PAGE of the mucus glycoprotein fractions following S4B and Cellex-E ion-exchange chromatography was performed with a 7% separating and a 4% stacking gel under reducing conditions, as previously described (10) . Proteins Amino acid compositional analysis. Amino acid analysis was performed on the neutral and acidic mucin species obtained from Cellex-E ion-exchange chromatography as previously described (41) . Samples were dissolved in a known volume of water and dried by speed vacuum centrifugation in acid hydrolysis tubes (previously pyrolyzed). The dried samples were hydrolyzed for 2 h at 150°C under an atmosphere of N2-HC1-H20-phenol. The hydrolyzed samples were dried, dissolved in loading buffer (LKB/Pharmacia; sodium citrate, pH 2.2), and analyzed by ion-exchange chromatography-ninhydrin detection employing an AlphaPlus amino acid analyzer (LKB/Pharmacia) and standard elution conditions. Histochemical analysis of rat colonic mucin. Experiments for histochemical analysis of rat colonic mucin were conducted in parallel with the 3H-glucosamine labelling studies; the initial step of injecting the isotope was omitted. After the studies were completed, colonic tissues (0.5 cm) were fixed in 10% buffered neutral formalin, processed in plastic and paraffin, sectioned at 1 to 2 ,um, and stained with hematoxylin-eosin, periodic acid-Schiff (PAS) reagent, alcian blue (AB), or PAS-AB stain. Photomicrographs were taken with an Olympus BH-2 microscope. Acidic mucins show a blue color by PAS-AB stain; purple indicates a mixture of neutral and acidic mucins, whereas red indicates neutral mucins alone.
RESULTS
Characterization of the secreted mucus glycoproteins. Rats were injected intraperitoneally with 3H-glucosamine, and after 3 h, closed colonic loops were injected with PBS; a known mucus secretagogue, CT (4); or live E. histolytica trophozoites. The glycoproteins secreted in response to these conditions for 1 h were quantitated by CsCl density gradient centrifugation, S4B and Cellex-E ion-exchange column chromatography, histochemical staining, immunoblot- ting using a polyclonal antimucin antibody, and amino acid analysis.
(i) CsCI density gradient centrifugation studies. A CsCl density gradient of acid-precipitated radiolabelled glycoproteins secreted in response to E. histolytica and CT compared with that of those secreted in response to the PBS control demonstrated that the majority of the radiolabelled glycoproteins were low-density, nonmucin glycoprotein components (<1.40 g/ml). The levels of mucins in the high-density fractions 6, 7, and 8 (> 1.42 g/ml) were low and were insufficient to be used as starting material for further study. We therefore decided to label the crude soluble secreted glycoproteins in vitro by oxidation followed by reduction with NaB3H4. With CsCl density gradient, results obtained were similar to those obtained with in vivo labelling with 3H-glucosamine in that the majority of the radiolabelled glycoproteins were low-density, nonmucin components. All subsequent studies were therefore performed using S4B-purified mucus preparations as the starting material.
(ii) S4B column chromatography. Figure 1 For E. histolytica-exposed loops, 3H-glucosamine in the included fractions (13 to 20) eluted as a broad shoulder (67,000 molecular weight).
S4B profiles for the in vitro-labelled glycoproteins with NaB3H4 are shown in Fig. 2 . In contrast to the in vivo studies, the in vitro-labelled glycoproteins contained a greater amount of high-Mr mucins in the VO-This was pronounced for PBS-and E. histolytica-exposed loops. In both the E. histolytica-and CT-exposed loops, the broad shoulder in the included fractions also suggests that a greater proportion of low-Mr glycoproteins are secreted as well. For all three conditions, radiolabelled high-Mr mucins (stacking gel) as well as nonmucin components (separating gel) were demonstrated by SDS-PAGE followed by fluorography (Fig.  3 ). There were no prominent low-Mr glycoproteins in the running gel for E. histolytica-and CT-exposed loops to account for the greater included fractions noted on S4B chromatography elution profiles.
(iii) Cellex have been isolated by anion-exchange chromatography (15, 19, 29, 39) . On the basis of these features, we wanted to determine whether E. histolytica caused a differential secretion of neutral and acidic mucins by using the mucin species classification proposed by Wesley et al. (39) .
To determine whether rat colonic mucins can be separated into different mucin species, S4B VO mucins from normal rat colons (vigorously scraped) fractionated on a Cellex-E column demonstrated a major neutral (0.05 M NaCI) and two major acidic (0.50 and 2.0 M NaCl) protein peaks with high carbohydrate content (Fig. 4) .
S4B VO mucins labelled in vivo with 3H-glucosamine or in vitro with NaB3H4 were precipitated with TCA-PTA and loaded onto a Cellex-E column. Figure 5 shows the elution profile of 3H-glucosamine-labelled mucin species. For both PBS-and E. histolytica-exposed loops, the majority of the mucins were acidic and were eluted with 0.50 and 2.0 M NaCl, respectively. demonstrated that the majority of the mucins secreted in response to E. histolytica were acidic with a minor neutral peak (Fig. 6) ; these results are similar to the in vivo H-glucosamine-labelled mucins. histolytica (Eh)-exposed loops. The column (1.0 by 30 cm) was loaded with 2,000 cpm of TCA-PTA-precipitated mucins, and column fractions were eluted with increasing salt concentrations at a flow rate of 9 ml/h, collecting 4-ml fractions. 3H-activity per fraction was counted by using liquid scintillation. histolytica (Eh)-exposed loops. The column was loaded with 20,000 cpm of TCA-PTA-precipitated mucins, and column fractions were eluted under standard conditions as described in the legend to Fig. 5 . 3H-activity was determined for each fraction by using liquid scintillation.
purified rat mucins, immunoreactive material in the stacking gel was noted for both the S4B VO and the acidic mucin species, whereas for the neutral mucin, no immunoreactive material was noted in the stacking gel (Fig. 7) . However, present in all three lanes is the smear with an approximate molecular mass of 118 kDa, the proposed link peptide subunit of native mucin (31) . As noted in earlier studies (12, 20, 31) was pronounced in the glandular epithelium ( Fig. 8A ) with numerous cavitated goblet cells and a thick mucus exudate in the crypts. In PAS-stained sections, neutral mucins were abundant in the majority of goblet cells, but secretion was evident in the crypt regions (Fig. 8B) . When both AB and PAS stains were used, acidic and neutral mucins (purple) were evident in goblet cell secretions and in the mucus exudates (Fig. 8C) , supporting the concept that both mucin types are secreted in response to E. histolytica. DISCUSSION The aim of the present study was to determine whether the enteric pathogen E. histolytica would cause a differential secretion of mucin species that may be important in the pathogenesis of intestinal amoebiasis. Colonic mucins act as high-affinity ligands for the Gal-GaINAc adherence lectin, inhibiting amoebic in vitro adherence and lysis of colonic epithelial cells (3, 10) . Depletion or dissolution of colonic mucins is therefore necessary before the parasite can adhere to and invade the epithelial mucosa. How E. histolytica depletes or compromises the host's protective mucus layer prior to invasion is not known. Mucinase activity by amoebic proteinases and glycosidases has not been demonstrated; however, amoebae do secrete a heat-stable mucus secretatogue which may facilitate colonic invasion (4). In rat colonic loop studies, the secretory response toward E. demonstrated in the secretion following in vivo metabolic labelling with 3H-glucosamine and in vitro by labelling the soluble luminal glycovrotein secretions with NaB3H4. Analysis of the secreted H-mucins (S4B VO) by Cellex-E ionexchange chromatography demonstrated a major acidic mucin (>98%) and a minor neutral mucin species. Both mucin species showed marked differences in immunogenicity and amino acid composition. A generalized secretion of both neutral and acidic mucins was further confirmed by thinsection histochemistry, demonstrating the secretion of mucus by goblet cells in the crypts and interglandular epithelia.
Contrary to earlier findings (14, 22) , colonic mucins have been described as highly heterogeneous in nature. Rat colonic mucins purified by S4B and DEAE-cellulose ionexchange chromatography are a mixture of two related acidic high-Mr mucins and several nonmucin fractions (membrane glycoproteins [19] ). Both acidic fractions (IV and V) had similar compositions; however, the major fraction IV was a sulfated glycoprotein with high concentrations of serine and threonine. Gold et al. (15) have analyzed proteolytic digests (pronase) of human colonic mucins on S4B and obtained two components: a fucoacid peptide fraction (enriched in serine and alanine) and a sialoacid peptide fraction (enriched in threonine and proline). Human colonic mucins isolated by DEAE ion-exchange chromatography elute as six distinct species (28, 29) . Each species was identifiable by hexose, hexosamine, sialic acid, and sulfate content, as well as blood group activities (25, 37) . More recently (39) , human small intestinal mucins fractionated on Cellex-E ion-exchange columns generated two separate species: a highly glycosylated neutral species (<1 mol% sialic acid) and a less heavily glycosylated acidic species (>10 mol% sialic acid). The neutral mucin was enriched in serine, alanine, and asparagine, whereas the acidic mucin contained a significant enrichment of threonine, proline, and glycine residues. Similar to the above studies, rat colonic neutral mucins contained more sugars (hexose) than the acidic mucins and were significantly enriched in lysine residues instead of asparagine, whereas the acidic mucin was enriched in glutamine and valine residues instead of glycine. However, similar to human colonic mucins (15, 39) , rat neutral and acidic mucins had in common a greater amount of serine and alanine residues and threonine and proline residues, respectively. These results collectively suggest that the intestine produces unique species-specific glycopeptide determinants as well as shared determinants. Recent studies (27) (Fig. 5 and 6 ). However, in comparison with the histochemical staining, both neutral and acidic mucins are secreted by goblet cells. In normal unstimulated rat colons, following vigorous scraping of the tissues, a major neutral and acidic mucin species is present and represents total cellular mucin content. However, by 3H-metabolic or in vitro labelling of glycoprotein secretions (mostly nonadherent mucus), only a major acidic mucin species is present. This suggests that neutral mucins may not be a major secretory mucin species or that they may not be a component of newly synthesized mucin. Alternatively, Cellex-E column chromatography may not be an efficient method to quantitate neutral and acidic mucin secretions. Though the significance of mucin heterogeneity remains to be clarified, the relevance of chromatographically distinct mucin species is demonstrated by the observation that the colonic mucosal content of one particular mucin species, species IV, is selectively diminished in specific association with ulcerative colitis (28, 33, 34) . It was proposed that mucin species IV is differentially secreted in response to the pathological process rather than retained within the intracellular pools of the mucosa. However, a recent study evaluating colonic mucin composition in monozygotic twins with or without inflammatory bowel disease suggests that even though altered glycoproteins may be genetically determined, such alterations alone were not sufficient to initiate the disease process (37) . Such changes in mucin content have not been described in patients with other inflammatory diseases, including Crohn's colitis (28) . Abnormalities in intestinal mucus glycoproteins in association with cystic fibrosis include increased concentrations of acidic mucin species (23, 33, 40) . As well, histochemical examinations of colonic tumors reveal abnormal patterns of mucus secretion (13, 23) . Mucosa adjacent to carcinomas of the colon (transitional mucosa) is often characterized by an increase in sialomucins and a corresponding decrease in or absence of sulfomucins, which predominate in normal mucosa.
In summary, we have shown biochemically, histochemically, and immunologically that both neutral and acidic mucin species occur in the rat colon and that in response to E. histolytica, both mucin species are secreted, supporting the idea of a generalized secretory response toward the parasite. Further studies are needed to determine possible specific biochemical alterations during the course of the disease which may lead to imbalances of mucin components. This may have important consequences in the regulation of the physical mucus structure and host susceptibility to amoebic infections. E. histolytica mucus secretagogue activity may function to deplete the host's protective mucus lining by causing a generalized secretion of both neutral and acidic mucins.
